A concept to extract a feature of solid-air two-phase flow in a pipeline has been launched with a combination of a capacitance-computed tomography and wavelets transform. With this concept, particle distribution images obtained by CT are transformed with discrete wavelets multiresolution. As a result, in the case of low open area ratios of the pipe cross-section, high particle densities are shown in secondary dominant levels as well as a substantial space level. The high value in the secondary level resulted from inhomogeneous density due to collision between particles.
Introduction
Air transportation of particle in a pipeline should evade choking phenomenon that the suspended particle plugs the pipeline. Our research group has been investigating the minimum transportation velocity [1] , spiral flow transportation [2] and a specially shaped bend [3] to avoid the choking phenomenon. Recently, the authors have started investigating a monitoring method for the particle behavior with real time by using computed tomography (CT). In a field of air-liquid two-phase flow, a high speed X ray CT device that can continuously obtain two dimensional distribution at 0.5 ms interval has been developed [4] . However, the device is not suitable for general choking diagnosis industrially because X ray CT is very expensive, and needs a license for the operation. Recently, a capacitance CT with real time has been studied as a technique to visualize particle behavior in solid-air two-phase flow [5, 6] . This capacitance CT arranges a sensor consisting of many electrodes around a pipeline circumference to measure the capacitances among electrodes. The particle distribution based on the permittivity on the cross section is obtained from a re-constitution. However, the images acquired by the CT are blurred because approximate values are resolved by mathematical ill-posed inverse problem. An image analysis is needed to extract the feature of the blurred image to judge the pipeline emergency. Currently, discrete wavelets transform [7] has been used for image analysis in engineering fields. The analysis enables us to decompose and to compose a image in an orthonormal space. The authors applied this idea to analyse of electromagnetic wave [8] and a jet image [9] .
The originality of this paper lies in applying discrete wavelets transform to capacitance CT images as a first step to judge the pipeline emergency. In this study, capacitances of particles in a vertical pipeline that installs a blockage are measured to extract the feature image. 
Experiments

Experimental equipment, condition and method
The capacitance CT device arranges a sensor at a pipeline circumference as shown in Fig.1 (A) . Insulation materials separate the 12 electrodes in the sensor. The relation between capacitance and permittivity ε in electro-static field is expressed by
Where, i is a standard electrode which is from 1 to 11, and j is a reference electrode which is from i + 1 to 12. C i,j is the capacitance between the standard electrode i and the reference electrode j. ε 0 is vacuum permittivity of air, ε(r) is permittivity distribution on the cross section which indicates the particle distribution. r is a position vector on the cross section. V c is a potential to the i electrode. V i (r) is the potential distribution on the cross section between i and j electrodes. Because V i (r) is unknown in Eq. (1), the following Laplace equation,
is assumed on the cross section. V (r) is obtained by FEM from the discretized Eq. (2). The matrix expression of Eq. (1) showing the relation between the capacitance matrix C and the permittivity distributions E is
Where, the sensitivity map matrix S e consists of the known values of ε 0 , V c and ∇V i (r) in Eq. (1). In other words, the capacitance CT has a method to obtain the permittivity distribution of the particle E on the cross section from both known sensitivity map matrix S e and the measured capacitance matrix C. In the case that the pipeline cross section is divided with 32 × 32 = 1024 square mesh as shown in Fig. 1 (B) and the electrodes number is twelve, the sensitivity map S e is a 66 × 1024 matrix in Eq. (3), the capacitance matrix C expresses a 66 × 1 matrix, and the permittivity distribution matrix E is a 1024 × 1 matrix. The mathematical method to obtain the permittivity matrix E from the capacitance matrix C and the sensitivity map matrix Se is an ill posed inverse problem. The image is reconstructed by a liner back projection method. The experimental equipment is composed of a feeder tank, pipeline of 50.0 mm inside diameter, a receiver tank and a roots blower as shown in Fig. 2 . The pipeline is composed of a 4.0 m long vertical pipe, bend pipes and horizontal pipes. A clay blockage is installed in the vertical pipe at 2.0 m point from the bottom to observe the particle behavior at the downstream of the blockage part. The air suction volume is 0.034 m 3 /s, the particle is supplied at 0.54 kg/s. The mean air velocity in the pipeline calculated from the air volume is 16.8 m/s, Reynolds number is 4.71 × 10 4 , and the solid air ratio is 16.7. The blockage part has four type ratios of 0,1/4,1/2 and 3/4 of the pipe cross-section area as shown in Table 1 . Therefore, the open area ratios S are 1.0, 0.805, 0.500 and 0.195. The conditions from Case1 to Case4 are set up as shown in Table 1 . The particles are polyethylene pellets, which are almost spherical with 3.26 mm diameter and 910 kg/m 3 density. The CT acquires 100 frames every 1.0 s.
Receiver
Experimental results
Each two dimensional particle distribution image E xyt for 50.0 ms is transformed to the density fluctuation distribution E xyt using the mean value of the whole image and the mean square value E RMS of the whole image, 
The particle density image E xyt is changed to the time mean value,
Where, N x , N y and N t are the space resolution of x and y axes and the frame number in time as showed in Fig. 1(B) . Inthis study, N x = N y = 32 and N t = 50. The time mean density images are shown in Fig. 3 . The image elements, where any particle does not exist, are black. As the particle density on an image element becomes high, the image element changes into white with 10 stages in the color bar. On the whole, the particle distribution is qualitatively visualized at every condition. In the case of S = 1.0 (Case1), the particles are distributed at relatively center position. However, the particle distribution gets partial as the open area ratios S decreases. In particular, the extremely partial particle distribution is visualized in S = 0.195. 
Image processing and discussion
Method and results
Two-dimensional wavelets transform of n × n matrix E is expressed by
Where, W is an analyzing wavelet matrix, W T is the transpose matrix of W and S is the spectrum. In the case of Daubechies function of fourth order and 32 X 32 image element data (n = 32), the multiresolution classifies to four levels as shown in
W T S 0 W shows the lowest space frequency called Level 0. W T S 4 W shows the highest space frequency called Level 4. The space frequency and the space size calculated by Fourier transform to the Daubechies function are shown in Table 2 . Figure 4 shows the multiresolution of the time mean particle density images in Fig. 3 . Each level shows a particle distribution with particle lump that has the specific space frequency in Table 2 . The red shows the high particle density, and the blue is opposite. The levels in the same experimental case have the same color map. Addition from the level 0 to the level 4 (the level 4 is not shown) recovers Fig. 3 completely due to the orthonormal wavelet transform. In the case of S = 1.0 (Case1) and 0.805 (Case2), a high value of the particle density is found in the level 0 to indicate a large particle lump (• symbol); however, a high value of the particle density is not found conspicuously in a higher level than the level 0. On the other hand, in the case of S = 0.5 (Case3) and 0.195 (Case4), a high value of the particle density is found in the level 0 or the level 1 to indicate a large particle lump (• symbol); moreover, a high value is also found in a higher level than these low levels. Especially, Case 3 has the levels 1 and 2, and Case 4 has the level 2 ( symbol). Therefore, when the open area ratio S is large, only a substantial space level which is equivalent to the open area indicates the high value; however, when the open area ratio S is small, a secondary dominant level exists in higher level as well as the substantial space level.
The maximum value of the multiresolution in Fig. 4 is quantitatively obtained in order to confirm the proper characteristic of the images. Fig. 5 shows the maximum value of the multiresolution image pixcels as a parameter of the open area ratio S. When the open area ratio S is large (Cases 1 and 2), the maximum value decreases dramatically at the level 1 to maintain it low after the level. However, when the open area ratio S is a little small (Case 3), a high value is shown in every level. Moreover, when the open area ratio S is very small (Case 4), the minimum value in the level 0 increases until the level 2, and then it decreases afterwards. In other wards, when the open area ratio S is small, the secondary dominant level exists in the higher level (Case3 levels 1 & 2, Case4 level 2) as well as the substantial space level that is level 0 or 1.
Discussion
It is reasonable that the substantial dominant level is equivalent to the space length of the open area ratio in Table 2 in the image processing result. In order to consider the physical meaning of the secondary dominant level, the image processing result is compared with a previous study. In solid air two phase flow in a pipeline, so-called, inhomogeneous particle density is reported [10] . In the case of large particle size like this study, particles collision becomes the main factor rather than the influence of turbulence as Time Frequency Log P. S.D. Log.
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Fig. 6. Fourier spectrum of particle density by LGA G. Peng and H.J. Herrmann [10] for the inhomogeneous particle density. Peng.
[10] calculated the particle density in a cross section of a plumb pipe by lattice gas automaton (LGA) method on the condition that particles fall free from the upper part of the pipe. Figure 6 shows the result of Fourier transform to the calculated particle density on the cross section. When the particle density is low (in the case of particle injection rate I = 0.40), the power spectrum density (P.S.D.) maintains the same value. It means the particle density is homogeneous because the collision possibility between particles is low. However, the P.S.D. decreases against the time frequency when the particle density is high (in the case of particle injection rate I = 0.52). It means that the particle density gets inhomogeneous because the particles collide each other and to the wall. Namely, in the case of the low open area ratio S (Cases 3 and 4) in this experiment, the particles pass through the blockage to make the density higher like the case of I = 0.52 of Fig. 6 , resulting in the particle collision. Then it is considered that a secondary dominant level occurred due to the inhomogeneous particle density in addition to the substantial space dominant level.
Conclusions
Capacitances of particles in a vertical pipeline that installs a blockage are measured to extract the feature image. The followings becomes clear. 1) A combination of a capacitance-computed tomography and wavelets transform is useful for extracting a feature of solid-air two-phase flow in a pipeline. 2) In the case of low open area ratio of the pipe cross-section, high particle densities are shown in secondary dominant levels as well as a substantial space level. It is realized that the high value in the secondary level resulted from inhomogeneous density due to collision between particles and wall.
